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Abstract. Polyvinylpyrrolidone (PVP)-hypericin is a potent photosensitizer that is used in the urological clinic to
photodiagnose with high-sensitivity nonmuscle invasive bladder cancer (NMIBC). We examined the differential
accumulation and therapeutic effects of PVP-hypericin using spheroids composed of a human urothelial cell
carcinoma cell line (T24) and normal human urothelial (NHU) cells. The in vitro biodistribution was assessed
using fluorescence image analysis of 5-um cryostat sections of spheroids that were incubated with PVP-hypericin.
The results show that PVP-hypericin accumulated to a much higher extent in T24 spheroids as compared to NHU
spheroids, thereby reproducing the clinical situation. Subsequently, spheroids were exposed to different PDT
regimes with a light dose ranging from 0.3 to 18)/cm?. When using low fluence rates, only minor differences in
cell survival were seen between normal and malignant spheroids. High light fluence rates induced a substantial
difference in cell survival between the two spheroid types, killing ~80% of the cells present in the T24 spheroids.
It was concluded that further in vivo experiments are required to fully evaluate the potential of PVP-hypericin as
a phototherapeutic for NMIBC, focusing on the combination of the compound with methods that enhance the
oxygenation of the urothelium. ©20771 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3533316]
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1 Introduction

In 2008, bladder cancer was the sixth most diagnosed malig-
nancy in Europe, occurring three to four times more in men
than in women.! This disease, with a heterogeneous manifesta-
tion, ranges from low-grade Ta tumors with a good prognosis to
high-grade carcinomas with a high mortality rate. Today, treat-
ment of nonmuscle invasive bladder cancer (NMIBC) is mainly
based on transurethral resection of the bladder (TURB) followed
by intravesical instillation of mitomycin-C or bacillus Calmette-
Guérin (BCG).2 However, because NMIBC is mostly multifocal
and not readily visible and because the lumen of the bladder is
easily accessible by endoscopy, superficial bladder cancer le-
sions are ideally suited to treatment with photodynamic therapy
(PDT).>* This treatment modality involves the administration of
a photosensitizer (or a precursor), which is specifically retained
by or accumulates to a higher extent in tumor cells.’> Subsequent
illumination with light of an appropriate wavelength excites the
photosensitizer, eventually causing tumor damage via photosen-
sitization reactions.
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The safety of whole-bladder PDT critically depends on the
selective uptake of the photoactive drug by the malignant tissue
to avoid major side effects, such as fibrosis and contraction of the
bladder.® Recently, aminolevulinic acid (ALA) has successfully
been applied in the treatment of recurrent superficial bladder
cancer without persistent reduction in bladder capacity.”® ALA
is a precursor in the biosynthesis of heme and induces the pro-
duction of the endogenous photosensitizer protoporphyrin IX
(PpIX). Because this process of biochemical conversion occurs
up to 10 times more in tumor than normal tissue, ALA-induced
PpIX can safely be used in whole-bladder PDT.!?

Hypericin is another potent photosensitizer that accumulates
with high sensitivity and specificity in NMIBC lesions after
intrabladder instillation.!'~!3 The mechanism underlying the tu-
moritropic characteristics of the selectivity is not fully under-
stood. It is assumed that the enhanced uptake of hypericin is
secondary to a loss of intercellular adhesion in malignant tis-
sue (e.g., by a decreased expression of E-cadherin in cancer
cells'*1%), resulting in an enhanced intralesional migration of
the compound by a paracellular route.

In water, hypericin forms macroaggregates, hereby los-
ing its spectroscopic and tumor-selective properties.'® In
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previous clinical studies, this problem was overcome by us-
ing hypericin formulations supplemented with 1% plasma
proteins.'!*12 More recently, an alternative formulation was de-
veloped based on polyvinylpyrrolidone (PVP) that complexes
with hypericin and renders the molecule water soluble.'” This
specific formulation of hypericin appeared to be also very suit-
able for the fluorescence detection of NMIBC.!®

In this paper, we describe the differential accumulation and
therapeutic effects of PVP-hypericin in spheroids composed of a
human urothelial cell carcinoma cell line (T24) and NHU cells.
Spheroids are 3-D multicellular clusters that share important
features with small avascular tumors, such as their histoarchi-
tecture, their gradients of nutrients, oxygen levels, proliferation
rate, and pH.19 Hence, they are an excellent model to assess the
PDT effects on NMIBC lesions in a preclinical setting.

Our results show that PVP-hypericin accumulated to a much
higher extent in T24 spheroids as compared to NHU spheroids,
thereby reflecting the clinical situation in which PVP-hypericin
accumulates preferentially in the malignant urothelium.'® High
light fluence rates induced a substantial difference in cell sur-
vival between the two spheroid types, killing ~80% of the cells
present in the T24 spheroids.

2 Materials and Methods
2.1  Tumor Cell Lines

T24 [transitional cell carcinoma (TCC), urinary bladder, human]
was obtained from American Type Culture Collection (ATCC,
Rockville, Maryland). Cells were cultured in 175-cm? tissue
culture flasks at 37°C in a humidified atmosphere containing
5% CO; and 95% air in minimum essential medium (MEM)
with Earle’s salts containing 2 mM L-glutamine, 1% antibi-
otic/antimycotic solution, 1% nonessential amino acids, tylo-
sine (60 pg/ml) (Eli Lilly, Brussels, Belgium), and 10% fetal
calf serum (FCS). All culture medium compounds were pur-
chased from Invitrogen (Merelbeke, Belgium).

2.2 NHU Cells

NHU cells were obtained from the ureter of multiple patients
undergoing nephrectomy, following standard departmental
procedures. The histology confirmed benign urothelium in each
case. Specimens were dissected, and NHU cells were isolated
and cultured as reported previously.?’ Cells were cultured in
250 ml primaria flasks (Becton Dickinson, Mylan cedex, France)
in keratinocyte serum-free medium (KSFM) supplemented with
5 ng/ml epidermal growth factor, 50 pg/ml bovine pituitary
extract (Gibco-BRL, Paisley, Scotland), and 30 ng/ml cholera
toxin (Sigma, Bornem, Belgium). Cultures were maintained at
37°C in a humidified atmosphere of 5% CO, and 95% air. Cells
were passaged when near or just confluent by incubating the cell
monolayer with 0.2 ml/cm? phosphate buffered saline (PBS)
containing 0.1% ethylenediaminetetraacetic acid (EDTA)
(Acros, Geel, Belgium) for 5 min at 37°C. The solution was
replaced with 0.25% trypsin/0.02% EDTA (Sigma) in Hanks
balanced salt solution (without Ca?* or Mg?™) until the cells
detached. Soybean trypsin inhibitor (Sigma) was then added
(2.5 mg/ml trypsin-EDTA solution). After centrifugation at
250 g for 4 min, cells were seeded at a ratio of 1:3 to 1:6. For
all experiments, cells were used from culture passages 4—6.
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2.3 3-D Cell Culture

Both tumor and NHU spheroids were prepared using the liquid
overlay technique.?' Cell culture 96-well plates were underlayed
with 1.5% agarose (Sigma-Aldrich) in MEM. Spheroids were
initiated in MEM for TCC cells and in KSFM for NHU cells,
by plating 5 x 10° cells (per well) in 200 1 of growth medium
containing 1% of sodium pyruvate (Invitrogen, Merelbeke,
Belgium). The medium was replaced once during the growth
of the spheroids. All experiments were performed on spheroids
with an average diameter of 300 pm.

2.4 Fluorescence Distribution in Spheroids and
Quantification

Spheroids were incubated with a freshly prepared PVP-
hypericin solution (10 and 30 uM in 0.9% NaCl in the absence
of FCS) for 2 h. Afterward they were washed twice with PBS,
transferred into TissueTek embedding medium (Miles, Elkhart,
Indiana), and snap frozen in liquid nitrogen. Then, 5-um
cryostat sections of the spheroids were made, and imaging
of fluorescence was achieved using fluorescence microscopy.
The fluorescence microscope consisted of an Axioskop 2
plus fluorescence microscope (Carl Zeiss, Vision, Géttingen,
Germany) illuminated by a 100-W mercury lamp. For fluores-
cence imaging of PVP-hypericin, the filter set used consisted
out of a 510- to 560-nm bandpass excitation filter and a 590-nm
long-pass emission filter. Fluorescence images were taken
using a light-sensitive charge-coupled device digital camera
(AxioCam HR, Carl Zeiss, Gottingen, Germany). To assess and
quantify the fluorescence present in centrally cut spheroid sec-
tions, a KS imaging software system (Carl Zeiss, Hallbergmoos,
Germany) was used. Fluorescence was measured in concentric
layers of 1.9 um from the rim (Fy.y) to the center (Fp,) of
the spheroid and corrections were made for autofluorescence.
Fluorescence was determined as the mean of six spheroids.

2.5 In Vitro PDT

Both T24 and NHU spheroids were incubated with a freshly pre-
pared 30 uM PVP-hypericin solution for 2 h. After the incuba-
tion, spheroids were washed with PBS, transferred into a 24-well
plate (10 spheroids/well) containing 0.5 ml PBS, and were light
treated. The light irradiation was carried out using light emitted
by a rhodamine 6G dye laser (375B, Spectra-Physics, Moun-
tain View, California) pumped by a 4-W argon-laser (Spectra-
Physics, Mountain View, California). The laser is coupled into a
fiberoptic microlens (Rare Earth Medical, West Yarmouth, Mas-
sachusetts) to obtain an ultrauniform intensity distribution. The
laser was tuned at 595 nm, and the laser beam directed to six
wells containing the spheroids (three wells with PVP-hypericin
and three wells without PVP-hypericin). The latter was set as
the control group (100% survival). The fluence rates used were
1 and 5 mW/cm?, and the irradiation times were 5, 15, and
60 min. Therefore, the total fluence ranged from 0.3 to 18 J/cm?.

After light treatment, PBS was replaced by fresh supple-
mented MEM or KSFM in case of T24 and NHU spheroids,
respectively, and 24-h later, cell proliferation was determined
by the use of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide [(MTT), Sigma, St. Louis, Missouri]
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Fig. 1 Typical fluorescence photomicrographs of (a, d) 5-um cryostat
sections of T24 and (b,c,e) NHU spheroids incubated with (a, b) 30 uM
and (d, e) 10 uM PVP-hypericin. Note the presence of the fluorescent
inclusion bodies present in control NHU spheroids (no PVP-hypericin)
(c). Different gain settings have been used: (a, d) = Gain 1; (b, e)
= Gain 2; (c) = Gain 3. Gain 1-4 denotes the gain at which the
fluorescence was measured (e.g., Gain 4 = highest sensitivity, Gain 1
= lowest sensitivity). Original magnification = 200X.

dye-reduction assay. MTT was dissolved in medium and added
to the cells (3 mg/ml, 0.5 ml), and the plates were incubated at
37°C for ~4 h. Before solubilizing the formed formazan crys-
tals in isopropanol, T24 spheroids were left in 0.05% trypsin for
30 min. The control group consisted of spheroids that were irra-
diated without PVP-hypericin. After solubilizing the formazan
crystals in isopropanol, the solution was transferred in 96-well
plates that were read by a microtiter plate reader (SLT, Salzburg,
Austria) at 550 nm. All experiments were performed in triplicate.

3 Results
3.1 Biodistribution of PVP-hypericin

The in vitro biodistribution of PVP-hypericin was compared in
spheroids derived from normal human urothelial (NHU) cells
and T24 bladder cancer cells, using fluorescence microscopical
analysis of cryostat sections.

Figure 1 shows typical fluorescence photomicrographs of
5-um spheroid sections that were incubated with 10 or
30 uM PVP-hypericin. T24 spheroids, incubated with 30 uM

3
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PVP-hypericin exhibited a high fluorescence at the rim that
slowly declined toward the center of the spheroid [Fig. 1(a)].
When a concentration of 10 uM PVP-hypericin was used, flu-
orescence values were substantially lower at the surface and
virtually no fluorescence was observed in the inner parts of
the spheroids [Fig. 1(d)]. The fluorescence present in NHU
spheroids incubated with either of the concentrations of PVP-
hypericin was also restricted mainly to the outer rim of the
spheroid [Figs. 1(b) and 1(e)]. In the case of NHU spheroids,
some fluorescent inclusions in control spheroids (no PVP-
hypericin) were found of unknown origin and composition [Fig.
1(c)].

Consequently, fluorescence was quantified using imaging
software (Table 1 and Fig. 2). Table 1 shows the mean of the
maximum and the minimum fluorescence as well as the mean
fluorescence at a distance of 25 um (F,5) and 50 um (Fso) from
the rim of the spheroid. The differential accumulation of PVP-
hypericin in NHU spheroids or T24 spheroids is best seen at a
concentration of 30 uM. The ratio of fluorescence present in
T24 and NHU spheroids is 19 and 80 at a distance of 25 and
50 um, respectively, whereas the ratio is only 3 and 2 at the
same distance using 10 uM PVP-hypericin. These results very
clearly demonstrate lack of penetration of PVP-hypericin into
NHU spheroids.

3.2 PDT Effects of PVP-Hypericin

Photodynamic treatment of NHU and T24 spheroids was per-
formed after incubation with 30 uM PVP-hypericin for 2 h, and
24 h after light irradiation, we assessed the relative survival of
both NHU and T24 spheroids in similar light conditions by MTT
assay (Fig. 3). When using a fluence rate of 1 mW/cm?, the total
light dose amounted between 0.3 and 3.6 J/cm? [Fig. 3(a)]. A
significant difference in survival between the two spheroid types
was seen only with an irradiation time of 15 min. Survival rates
in NHU spheroids remained above 80% after short light irradi-
ations but dropped in the case of a 60-min irradiation (i.e., 47.7
=+ 23.7%). In T24 spheroids, there was a gradual decrease in sur-
vival rate as a function of the irradiation time. When spheroids
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Fig. 2 Quantification of the fluorescence measured in spheroids after incubation with (a) 30 uM and (b) 10 uM PVP-hypericin. Fluorescence was
measured in concentric layers of 1.9-um thickness in T24 (open triangles) and NHU (closed squares) spheroid sections. Each value represent the

mean %+ SD (n = 6). All measurements were made using a gain setting of 2 .
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Table 1 Fluorescence values measured at the rim (Fmax) of the spheroid, at 25 um (F2s), at 50 um (Fsp), and at the center of the spheroid (Fmin).

30 M PVP hypericin

Frox + SD Fps + SD Fso + SD Fri & SD
T24 360 + 66.5 191 + 37.8 61,4 + 37.8 16,4 £ 11.8
NHU 121 £ 41.0 10,4 + 6.20 0,77 + 0.59 0,74 + 0.44
10 1M PVP hypericin
124 223 + 25.1 20.4 £+ 6.10 4.65 £ 1.30 3.5 £ 1.40
NHU 114 £ 13.1 7.34 £ 5.19 2.60 £ 1.71 1.50 £ 1.09

Spheroids were inclubated with 10 or 30 1M PVP-hypericin for 2 h. Frozen section were analyzed with fluorescence microscopy and image analysis software.
Fluorescence values of 724 spheroids were compared to fluorescence values of NHU spheroids at the same distance towords the rim of the spheroid. Data represent

the mean £ SD (n=6) ns=not significant; *p < 0.05; **p < 0.01; *** p < 0.001.
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Fig. 3 Relative survival of NHU vs T24 cells after exposure of spheroids
to 30 uM PVP-hypericin and different light conditions (a) 1 mW/cm?
(b) 5 mW/cm? for 5, 15, or 60 min. PVP-hyp: conditions without light.
Control spheroids were treated with light only, and cell survival was
set as 100%. All values are presented as mean + SD; * p < 0.05;
**p < 0.01.
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were irradiated with a fluence rate of 5 mW/cm?, on the other
hand, there was a significant difference in survival rates between
the NHU and T24 spheroids at all irradiation times [Fig. 3(b)].
In these conditions, the total light fluence ranged from 1.5 to
18 J/cm?2. With increasing irradiation times, there was a general
decrease in survival rates in both spheroid types, albeit more
pronounced in T24 spheroids.

The administration of PVP-hypericin alone (Fig. 3) or light
alone (results not shown) did not cause any change in survival
rate of cells present in either of the spheroids.

4 Discussion

We first investigated the biodistribution of PVP-hypericin in a
3-D spheroid system consisting of T24 bladder cancer tumor
cells or NHU cells. When using 10 uM PVP-hypericin, a some-
what similar limitedly differential uptake between normal and
malignant spheroids was observed in this study as compared to
previously published results using 10 uM hypericin 14. How-
ever, when using 30 uM PVP-hypericin, the present results
showed a dramatically increased difference between the uptake
of the compound in both types of spheroids.

Of interest, in the previous study hypericin was solubilized
in the incubation medium using FCS, whereas in this study hy-
pericin is complex and consequently made water-soluble with
PVP. The data therefore seem to indicate that the mechanism
underlying the specific penetration of hypericin in malignant
tissue is unrelated to the specific formulation that is used. It is
mainly the appropriate affinity of hypericin for specific carriers
and cellular membranes that are key to the selective intracellu-
lar accumulation in malignant tissue. When hypericin is bound
to constituents of FCS (e.g., using lipoproteins (LDL, HDL)
or complexed to PVP, passive paracellular transport can take
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place and depending on the avidity of hypericin to its carriers,
hypericin is taken up intracellularly.

Our study further indicates that the uptake of PVP-hypericin
in malignant spheroids is in close agreement with the outcome
of a study where fluorescence cystoscopy with PVP-hypericin
was performed on patients with suspected primary or recurrent
bladder malignancies. It was found that the sensitivity in the
diagnosis of carcinoma in situ (CIS) was 100% compared to 33%
for whole light endoscopy,'® suggesting a high accumulation
of PVP-hypericin in these lesions. Of interest, CIS is a small
malignant tumor with a nonvascularized histoarchitecture that
resembles well the histological background of spheroids.

On the other hand, in the urological clinic, bladders were
instilled with 10 M PVP-hypericin,'® a concentration which
in this study, and contrary to the outcome with 30 uM PVP-
hypericin, resulted in a limitedly differential uptake of PVP-
hypericin in normal versus malignant spheroids. In this context,
however, it should be noted that cystoscopy is typically used in
the clinic as a technique to collect diagnostic information from
the bladder surface. For that purpose, the tube of the cystoscope
is positioned at the surface of the bladder urothelium, which is
perpendicular to the viewing direction of the fluorescence mi-
croscope that visualizes the fluorescence present in transected
spheroids. Unfortunately, it is presently unknown to what extent
this difference affects the outcome of the fluorescence measure-
ments in the preclinical versus the clinical situation.

The specific accumulation in malignant tissue combined
with its photosensitizing properties makes PVP-hypericin a very
promising tool for the photodynamic treatment of NMIBC. To
characterize the photodependent antitumoral properties of PVP-
hypericin, we studied PDT-induced cell death in the normal and
malignant spheroids. To that end, spheroids were preincubated
with 30 uM PVP-hypericin, a concentration that resulted in a
maximal differential uptake of the compound in both types of
spheroids. The results show that by using the currently used flu-
ence rates and irradiation times, we were not capable of inducing
100% cell death. Significantly, in a previous study it was noted
that hypericin-incubated spheroids that were dissociated prior to
light irradiation, were approximately 2000-fold more sensitive
than the intact spheroids, and as sensitive as monolayer cells
exposed to hypericin PDT.?> In these monolayer conditions,
oxygen depletion can be ruled out during PDT. Hence, despite
the low fluence rates used (i.e., 1 and S mW/cm?), the incomplete
response seen in this study is likely due to a fast PDT-dependent
consumption of oxygen, which is not counteracted by an ade-
quate intraspheroidal diffusion of oxygen from the immediate
aqueous surrounding. The limited differential response of the
normal and malignant spheroids can also be accounted for by
a similar mechanism. Indeed, despite the dramatic difference in
photosensitizer content of both types of spheroids, it is believed
that the excess of PVP-hypericin in the malignant spheroids,
due to a shortage of oxygen, does not result in a large additional
photodynamic effect.

Because the presence and diffusion of oxygen in tissue that
is treated are crucial to the outcome, one has to look for op-
portunities to enhance the oxygenation state of the biological
PDT target. Thus far, two methods were tested with great suc-
cess and dramatically increased the PDT effects in conditions
similar to the ones used in this study. One technique used nor-
mobaric oxygen that was simply bubbled through the solution
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that surrounded the spheroids, whereas the other approach used
a biocompatible perfluorocarbon as oxygen carrier to hyperox-
ygenate the biological surrounding.?®>* Because both modal-
ities are rather easy to apply to the bladder cavity, PDT with
PVP-hypericin combined with either of the techniques looks
very promising for an efficient and selective whole-bladder-
wall photodynamic antitumoral treatment in a urological clinical
setting. Obviously, further in vivo experiments are required to
fully evaluate the potential of PVP-hypericin as a phototherapeu-
tic, focusing on the combination of the compound with methods
that enhance the oxygenation of the urothelium.
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